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ABSTRACT 


This  wind  tunnel  in\'estigation  examined  the  Hit,  drag,  and  pitching  moment  of  a  20%  thick, 
8.3%  camber,  partial  eI14)tical  cross-aection,  sin^e  blowing  slot,  rectangular,  circulation  control 
wii^.  The  aspect  ratios  tested  were  3.71  and  3.99.  Variables  included  three  dififerendy  shaped 
trailing  edge  Coanda  surfaces  and  steady  Mowing  and  pulsed  blowing.  The  test  Reynolds  nurtiber, 
based  on  due  chord,  was  300,000.  The  ang^e  of  attack  was  varied  from  minus  6  degrees  to  die 
inception  of  stall.  The  maxhnum  lift  coefiBcient  measured  was  3.17  widi  an  equivalent  drag 
coefficient  of  1.83.  Results  also  show  a  limit  to  increasing  Hit  by  increasing  die  blowing. 
Additionally,  a  90  degree  Coanda  surface  had  equal  lift  performance  and  better  drag  performance 
than  a  180  degree  Coanda  surface. 
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1.  INTRODUCTION 


devices  sre  used  by  needy  all  atrerad  aonretime  diuing  a  ftigjht.  Primarily,  these 
bi^i^  devices  enaye  iShe  airamfl:  to  take  off  and  land  at  lower  speeds  and  in  shorter  distances 
tluai  possible  widiout  thorn.  Also,  an  aircraft  using  higlt-lift  technology  wiO  be  able  to  climb  more 
quickly  to  altitude  than  an  atrcrall  not  enqiiayit^  such  techntdogy.  The  tesult  firom  cHmbing 
quickly  u  a  decrease  in  the  amount  of  die  noise  reaching  the  ground  near  the  airport. 

Votical/Short  Takeoff  and  Landing  (V/STOL)  airendt  depend  on  high-lift  wings  for  dieir  unique 
performance. 

There  are  numeatMis  practical  reasons  high-lift  technology  is  important  to  noKtaiy 
apfriicatkios.  They  include  the  abiUty  to  operate  from  runways  shortened  by  battle  damage  or  from 
stKMt  ittqHOvised  runways.  A  given  airplane  nvequipped  witfi  td^  lift  wings  can  cany  a  heaivier 
load  from  the  full  length  runway.  FinaDy,  die  steeper  climb  possible  widi  high-Uft  devices 
minimizes  die  dme  die  aircraft  is  vulnerable  to  attack  from  die  ground. 

Currendy,  mechanical  high-lift  devices  can  yield  high  lifr  coefficients,  but  widi  a  weight  and 
com|dexily  penalty.  Two  dimensional  circulation  contrd  airfoils  have  been  tested  using  Mowing 
rates  availaMe  from  production  engme  compressor  bleed.  The  use  of  circulation  control  trqded  die 
lift  gen^adon  of  the  basic  airfod  section  widi  a  conventional  mechanical  fhqi.f  The  circulation 
control  wing  concept,  oqilained  in  the  dieoiy  section,  circumvents  a  good  deal  of  die  mechanical 
conqilexity  ^dle  stiD  providing  hqd^  lift  coefiQcienls. 

With  sufScient  cmitrcd  over  die  Mowing,  this  concept  provides  the  possibiHty  of  controlling 
helicqiter  rotors  without  the  need  to  change  the  angle  of  attack  twice  during  each  revolution  of  die 
rotor.  The  lift  could  be  controlled  by  pulsing  die  Mowing  air. 

One  of  the  largest  circulation  control  experimental  efforts  was  conducted  by  Grumman 
Aerospace  Corporation.^  An  A-6  Intruder  was  fitted  with  a  circulation  control  wing.  Lift  was 
increased  and  the  landmg  tpecd  was  decreased,  but  at  the  expense  of  maximum  speed.  The  drag 
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of  the  bhmt  tnuUng  edge  leducod  the  imodmum  speed  ,  llie  circuhdion  control  wing  created  such  a 
strong  nose  down  pitching  moment  that  the  horizontal  stabilizer  had  to  be  enlarged  and  given 
inverse  camber  to  mamtain  stability. 

Several  researchers  have  tested  circulation  control  airfoils  and  wings  in  the  AFIT  five  loot 
wind  tunneL  Harvell^  examined  multqrle  blowing  slots  on  a  two  dimensional  ahfbii.  Trainor^  and 
Pelletier^  developed  testing  methods  and  tested  a  finite  wing.  Lachei^  showed  a  limit  on  the 
maximum  Itn  coelllclent  Ibr  a  circulation  control  wing  and  began  initial  tests  with  blowing  air 
puking. 

This  investigation  had  fiiree  objectives.  The  first  was  to  determine  if  lift  coefficients  as  high 
as  the  theoretical  maximum  could  be  obtained  with  a  new  test  wing.  The  second  objective  was  to 
test  three  differently  shaped  trailing  edge  Coanda  surfaces  and  identify  file  best  one  for  the  given 
test  conditions.  The  final  objective  was  to  test  fiie  wing  with  both  steady  and  pulsed  blowing  and 
determtue  if  wing  performance  was  increased  by  puking  file  blowing  air. 

This  investigation  built  iqxm  the  work  of  PeSefier^  and  Lachei^.  Unique  to  this 
investigation  are  a  new  wing  model  of  higher  aspect  ratio  fiun  previously  tested  and  a  new  blowing 
air  supply  system.  The  wing  was  also  equqiped  with  a  removable  trailing  edge  Coanda  surface. 

The  wing  was  tested  at  a  Reynolds  number  based  on  the  wing  chord  oi  500,000  in  file  AFIT  five 
foot  wing  tunnel,  llie  angle  of  attack  was  varied  from  minus  6  deg  to  file  start  of  staR  Force  and 
moment  data  reduced  to  coefficient  form  were  obtained  using  a  six  component  C.3  m.  balance  and 
surface  pressures  on  the  wing  were  also  recorded. 


11.  THEORY 


According  U)  the  Kutta- Joukovvski  dieorem,  the  force  actii^  per  unit  len^rth  on  a  cylinder  of 
any  cross  section  is  equal  to:^ 

F=/>Vooxra  (1) 

where  the  strength  of  the  circulation,  g&nmui,  Is  (teOned  along  a  unit  vector  fi  as: 


r  =  fV-ds  (2) 

c 

For  a  wing  of  b,  the  total  lift  ran  be  written: 

L  =  /iV«rb  (3) 

As  the  fli^  velocity  decreases,  constant  lift  can  be  maintained  only  by  tncreaaing  any 
combination  of  die  air  density,  the  wing  span,  or  the  circulation,  F.  hi  practice,  die  most  effective 
way  to  maintain  Hit  at  low  airbeds  is  to  increase  the  circulation.^ 

In  convendonal  wings,  the  aiifoil  has  a  shaip  trading  edge.  The  presence  of  the  sharp  edge 
determines  the  amount  of  circulation  about  the  airfoU  according  to  the  Kutta  condition.  The  Kutta 
condition  states  that  a  body  with  a  sharp  trading  edge  in  motion  through  a  fiuid  creates  about  hsdf 
a  circulation  of  sufficient  strength  to  hold  the  rear  sta^tikm  point  at  the  trading  edge.^  In 
contrast,  circulation  cmdrol  airfoUs  have  a  bhint  trailing  e(%e  known  as  the  Coanda  surface. 
Because  of  this  bhmt  trailing  edge,  the  Kutta  condition  does  not  apply.  With  the  Kutta  conddion 
removed,  the  position  of  the  rear  stagnation  point  and  die  resulting  circulation  about  the  atrfod  are 
controlled  by  varying  the  magninide  of  die  blowing  momentum  coefficicnl,  C^. 


rfa.V. 
J  J 

qcoS 


(4) 


In  these  tests  a  jet  of  air  was  Mown  tangentially  over  the  trading  edge  Coanda  surface.  A 
balance  between  inertia  and  pressure  forces  keeps  the  jet  of  air  attached  to  the  curved  Coanda 
surface  for  a  distance,  llie  rearward  stagnation  point  is  located  where  the  jet  separates  from  the 
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surface.  By  vaiying  the  strength  of  the  blowing  air,  the  location  of  the  rear  stagnation  point,  and 
thus  the  circulation,  can  be  conboUed.  In  this  research,  circulation  about  the  wing  was  controlled 
by  varying  the  blowing  momentum  coefficient 

McCormick^  gives  two  limits  for  die  maxiroum  lift  coefficient  for  an  elliptic  wing.  The  first 
is  from  lilting  line  theory  and  is  given  by:  ^Lm^x  (5) 

The  second  is  for  the  exact  solution  for  an  elliptic  lifr  distribution: 

Results  from  this  test  widi  a  rectangular  wing  planform  will  be  conq)ared  to  tiiese  limits. 

The  bulk  of  die  tests  in  this  research  were  run  at  a  constant  Reynolds  number  based  on  the 
model's  chord  of  500,000.  Using  the  de&ution  of  Reynolds  number,  die  definition  of  (fynamic 
pressure  for  incompressible  flow,  and  the  equation  of  state,  the  tunnel  dynamic  pressure  or  q  can 
be  written  as: 


q« 


"2 


atm 


(or 


(7) 


where  atmospheric  pressure  and  temperature  are  the  inputs. 

Ab  shown  in  Equation  4,  to  calculate  die  blowing  momentum  coefficient,  it  is  also  necessary 
to  know  die  jet  velocity  and  die  mass  flow  rate  of  blowing  air.  It  is  assumed  that  the  air  within  the 
wing  expands  isentropically  dirough  the  blowing  slot  to  the  free  stream  static  pressure.^  Starting 
with  the  foOowing  relations  and  die  definition  of  Mach  number  : 


(8) 


(9) 


7  V'* 


rRT 


(10) 


'jrhe  jet  velocity  can  be  solved  for  as: 


idill 

v.=. 

2RTjy 

i-f-1 

y 

J 

y-1 

(11) 


where  P{  is  die  total  pressure  in  die  wing  {denum,  and  P  is  the  pressure  to  v^ch  the  jet  expands. 
During  static  tests,  P  ss  the  atmo^heric  pressure.  During  diese  wind  tunnel  tests,  die  static 
pressure  in  the  tunnel  test  section  P^g  is  below  atmospheric  and  is  found  by  cubsthuting  Equation  7 

forq„: 


~^atm 


(12) 


(13) 


The  mass  flow  rate  of  blowing  air  was  measured  by  a  A-enturi  mass  flow  meter.  For  this  test 
configuration,  as  shown  by  Lachei^,  the  mass  flow  rate  is: 


m  =  CjAjP, 


1 

i-( 

''2/^1 

i'' 

(*■2  a! 

jy  _( 

^2/^) 

(14) 


where  P]i  and  P2  are  the  pressures  read  at  the  venturi  pressure  tqw. 

Wing  surface  static  pressure  data  was  taken  for  all  nms  except  the  first  run  wdien  no  hoses 
were  attached.  The  pttwvax  data  was  reduced  to  coefiBcient  form  for  anatysis: 


Cp  (15, 

qeo 

In  this  test,  Peo  =  Pts  and  P(g  is  sttiqdy  the  tfrtal  pressure  (or  atmospheric  pressure)  minus  the 
dynamic  pressure.  Using  Equation  12  for  Pjg,  the  pressure  coefficient  can  be  written  instead  as: 
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(16) 


c  = - 

^  q^o 

A!1  wing  surface  static  pressure  data  are  presented  in  tlds  fcrni. 

The  drag  coefBciei^t  discussed  is  tbe  equh-alent  drag  coefiBcient  It  is  us^ed  udien  coKcqMuiing 
die  performance  of  circulation  control  wiegis  with  conventional  wings-  The  equivalent  drag  is  used 
for  comparison  because  it  corrects  for  two  traits  unique  to  a  cii-culalfon  •;xmtrol  wing.  First,  it 
accounts  fbr  the  energy  expended  conqnesslng  the  blowing  ah,  the  first  term  in  Equation  17.  This 
is  energy  spent  by  the  ahplane  and  obtained  most  likely  in  the  form  of  compressor  bleed  air. 
Seeondl>’,  the  equivalent  drag  accounts  for  the  thrust  caused  by  die  jet  of  air  exiling  the  wing,  the 
second  term  in  Equation  17.  These  two  efifeefs  are  included  in  two  additional  drag  tenns.  As 
shown  by  Lacher^,  the  equivalent  drag  is  equal  to: 


or  in  coefficient  form: 


_  _  AICE  , , , 

D  =  D  + - +  rhVco 

e  meas  v  At 


(17) 


Dc 


C,,V.  p  V 
_  M  I 

;  Cy-V  + - —  H - 

^  V, 


(18) 


The  free  stream  velocity  was  calculated  using  the  definition  of  dynamic  pressure  and  the  equation 
of  state. 


(19) 

where  Ptj.  is  die  test  section  pressurs.  Using  Equation  12  for  the  test  section  pressure,  the  free 
sheam  velocity  is  finally: 


V 

CO 


[2q  RT^ 

=  I  «>  atm 

I  atm 


(20) 
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III.  TEST  EQUIPMENT 


Wing  Model 

The  wing  model  constnicted  for  this  test  was  a  20%  thick,  8.5%  cambered,  partial  elliptic 
cross  section  rectangular  wing.  The  model  had  a  single  trailing  edge  blowing  slot,  interrupted  in 
the  center  of  the  wing  by  die  sting  mounting  block  and  blowing  air  supply  tubes.  Each  half  of  the 
wing  had  a  9.0  inch  blowing  slot  The  model  could  be  attached  to  three  different  trailing  edge 
surfeces.  Depending  on  the  tratUng  edge  tested,  die  aspect  ratio  varied  from  3.71  to  3.99.  The 
wing  parameters  for  the  configurations  tested  are  Hsted  in  Table  1. 


Table  1.  Summary  of  Wing  Parameters 


Trailing  Edge 

Chord  (in) 

Span  (in) 

Area  (sq.  fl) 

Aspect  Ratio 

180 

5.81 

23.19 

0.936 

3.99 

90 

5.81 

23.19 

0.936 

3.99 

45 

6.25 

23.19 

1.007 

3.71 

With  a  maximum  chord  of  6.25  inches,  the  nutximum  chord  to  turmel  height  ratio  of  0.104 
was  wed  below  the  maximum  of  0.25  suggested  by  Woodl^  for  the  chord  to  Uumel  hei^t  ratio. 
The  airfoil  geometry  for  the  wing  widi  the  180  deg  trailing  edge  is  given  in  Table  2: 

Table  2.  Airfofl  Oeometiy 


Surfecc 

Coordinate  (in) 

Distance  From  LE  (in) 

Upper 

2  =  0.28^(2.91)^- (2.91 

OsixS.5.49 

Lower 

z  =  -0. 56^(0. 581  )^  -  (0. 581  -  ;r)^ 

0<:x5  0.581 

Lower 

z  =  -0.325 

0.581SX5  5.49 

Coanda 

z  =  ±J(0.326f~(x~5.49f 

.5.49  ixi  5.81 
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The  three  trailing  edges  tested  each  had  varying  degrees  of  Coanda  surface  turning.  The 
first  had  a  180  deg  Coanda  surface,  typical  of  most  circulation  control  trailing  edges.  The  second 
had  90  degrees  of  flow  turning,  and  the  third  had  45  degrees  of  flow  mming.  The  trailing  edges 
arc  referred  to  by  the  degrees  of  turning.  In  each  of  the  trailing  edges,  the  radius  of  the  Coanda 
surface  was  kept  the  same  and  designed  according  to  Englar.  The  Coanda  surface  radius  to  chord 
ratio  was  0.056.  The  1 80  and  90  deg  trailing  edges  had  the  same  length  and  resulted  in  a  wing 
aspect  ratio  of  3.99.  The  43  degree  trailing  edge  was  longer,  raising  the  wing  chord,  and  reducing 
the  aspect  ratio  to  3.71.  The  three  trailing  edges  tested  are  shown  in  Figure  1  below. 
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180  deg  90  deg  45  deg 

Figure  1.  Cross-section  of  Trailing  Edges  Tested 
The  blowing  air  was  supplied  to  the  model  by  two  1/2  inch  tubes  exiting  rearward  from  the 
wing  on  each  side  of  the  sting.  The  air  supply  hoses  entered  the  wing  tunnel  downstream  of  flic 
test  section  before  attaching  to  the  model.  The  internal  flow  passage  of  the  model  consisted  of  two 
independent  halves,  left  and  tight,  which  were  mirror  images  of  each  other.  The  interior  of  the 
model  was  designed  as  a  difruser  to  slow  the  air  as  much  as  possible  to  minimize  pressure  losses 
and  achieve  uniform  distribution  across  the  trailing  edge.  Within  the  model,  the  air  was  expanded 
as  it  flowed  forward.  As  the  air  reached  the  leading  edge,  it  was  turned  by  guide  vanes  to  flow 
outward  toward  the  wing  dps.  The  area  of  the  duct  continuously  increased  out  to  the  wing 
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Tunung  vanes  were  used  to  turn  and  distribute  the  air  imdomily  across  the  slot  at  the  trailing  edge, 
Figure  2. 


Figure  2.  Planform  View  of  Test  Wing 

The  height  of  die  trailing  edge  slot  where  the  blowing  air  exited  could  be  varied  by  14 
adjustment  screws  on  the  upper  surface.  When  tightened,  the  screws  brought  the  tqiper  surface 
down  and  closed  die  blowing  slot.  The  slot  height  was  typicall>'  0.009  in,  giving  a  slot  height  to 
Coanda  radius  h/r=0.028.  Engjar^  suggests  that  strongly  attached  Coanda  flow  is  maintained  for 
0.01  0.05. 

The  model  contained  a  total  of  71  pressure  ports.  Two  were  used  to  measure  die  total 
pressure  in  the  plenum  on  each  side  of  the  wing.  The  remaining  69  were  static  pressure  ports  on 
die  surface  of  the  model.  Table  3  shows  the  chord  locations  of  the  surface  mounted  pressure 
ports. 
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Tables.  Wtng Static Pivsaure Port Locadom 


6  inches  from  lefr  wing  6  inches  from  right  wtiig  th> 


Upper 

Lower 

Upper 

Lower 

x/c 

x/c 

x/c 

x/c 

0.000 

0.017 

0.000 

0.098 

0.024 

0.048 

0.100 

0.207 

0.048 

0.095 

0.308 

0.306 

0.095 

0.203 

0.510 

0.408 

0.201 

0.305 

0.709 

0.504 

0.306 

0.403 

0.940 

0.608 

0.406 

0.501 

0.969 

0.704 

0.511 

0.604 

0.991 

0.809 

0.609 

0.701 

1.000 

0.907 

0.709 

0.804 

0.940 

0.801 

0.902 

0.969 

0.940 

0.940 

0.991 

0.969 

0.969 

0.991 

0.991 

1.000 


The  flow  ten^>erature  wifliin  flie  model  }^um  was  measured  by  four  thennocoui^.  The 
flieimocouples  were  positioned  in  pairs,  two  in  each  half  of  fhe  wing.  One  pair  was  located  in  the 
front  of  the  model  near  where  the  flow  entered,  and  the  oflier  pair  was  positioned  near  the  trailing 
edge.  The  thennocoi^)les  were  required  to  determine  the  velocity  of  the  jet  of  air  e>dting  flte 
model.  Also,  the  pairs  of  thermocotqrfes  wifliin  the  same  side  of  the  wing  were  used  to  check  for 
temperature  changes  in  the  air  as  it  flowed  flirough  the  model. 


Blowli^  Air  Supply  System 

Blowing  air  for  the  test  wing  was  supplied  by  a  Kaeser  compressed  air  system.  The  system 
consisted  of  a  Kaeser  CS-<90  conqnessor  capaUe  of  delivering  360  efin  at  110  psi,  a  200  gallon 
tank,  a  Kaeser  refrigerated  type  conqnessed  air  dryer,  and  an  in-line  oil  filter.  Alter  exiting  the 
conqnessor,  flie  air  flowed  through  the  setfling  tank,  drier,  and  Alter  in  turn  before  being  directed 
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to  the  wind  tunnel  control  room.  The  ccnitpressor  was  set  to  nudntain  110  ptig  +/•  3  p«  in  the 
tank.  The  blowing  air  stq)pty  system  is  shown  in  Figure  3. 


Compressor 

1 _ 

Filter 

lATmd  Tunnel 

ControiRoom 

Figure  3.  Blowing  Air  Supply  System 


Within  the  control  room,  the  compressed  air  flowed  through  a  valve,  cyclone  separator,  and 
filter  before  it  was  used.  Next,  the  model  pressure  was  controlled  by  a  regulator.  For  fliese  tests, 
die  air  flow  for  each  test  run  was  set  using  the  regulator.  To  measure  die  mass  flow  of  blowing  air 
used,  a  diermocouple  and  a  venturi  mass  flow  meter  followed  the  regulator.  Beyond  dus  location, 
two  different  air  routes  were  used,  depending  on  vriiether  steady  or  pulsed  blowing  was  used.  For 
the  steady  flow  tests,  the  air  was  divided  into  two  streams,  one  for  each  half  of  the  model,  and 
routed  into  the  tunnel  test  section.  Figure  4. 


} 

Figure  4.  Blowing  Air  Suqpply  System  for  Steady  Blowing  Tests 

A  schematic  of  the  pulsed  blowing  system  is  shown  in  Figure  S.  In  these  tests,  the  air  was 
divided  into  two  streams  following  the  ventuii  mass  flow  meter.  One  of  the  streams  entered  the 
pulser  valve,  and  the  odier  served  as  a  bypass.  A  gate  valve  was  used  to  control  the  amount  of 
bypass  flow.  The  bypass  air  mass  flow  was  measured  by  a  second  venturi  mass  flow  meter. 
Downstream  of  the  byp^us  flow  meter  die  pulsed  air  was  introduced,  allowed  to  mix,  and  again 
dnided  into  two  streams  for  each  half  of  die  model.  The  bypass  air  was  required  to  moderate  the 


Model 


Venturi 

Flowmeter 
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severity  of  pressive  fluctuations  entering  the  model.  Eaiher  tests  passed  all  the  blowing  air  through 
the  pulser  valve  and  the  resulting  iifl  osciOations  seriously  damaged  the  model.^ 


Figure  S.  Blowing  Air  Siqiply  for  Pulsed  Blowing  Tests 


The  pulser  valve  used  in  diese  tests  was  tfie  same  as  used  by  Lacher.  The  rotary  pulser  valve 
had  a  cylindrical  brass  core  with  two  pefx>endicidar  sir  passages  in  it.  The  core  was  spun  within  a 
.‘■teei  housing  having  the  inlet  and  exit  ports.  Because  of  the  two  air  passages,  fliere  are  four  pulses 
of  sir  for  each  revolution  of  the  valve.  The  pulser  valve  was  driven  by  a  direct  current  motor  with 
a  speed  controller.  A  counter  was  used  to  determine  the  pulsing  frequency. 


AFIT  5-ft  Wind  Tunnel 

All  tests  were  performed  in  the  AFTl'  S  foot  wind  tunnel  at  Wiight-Patteison  Air  Force 
Base.  The  open  circuit  tunnel  has  a  closed  test  section  and  is  enclosed  in  a  building  designed 
specifically  for  the  turmel.  The  entrance  has  a  contraction  ratio  of  3.7  to  1  and  the  test  section  is  5 
feet  in  diameter.  Tunnel  airspeeds  iq)  to  200  mph  are  provided  by  two  counter  rotating  12  foot 
fans  driven  by  four  £>C  motors. 

The  total  pressure  in  die  tunnd  is  assumed  to  be  atmospheric  and  die  static  pressure  is 
measured  by  a  ring  of  eight  static  pressure  ports  located  2.S-ft  from  die  tunnel  moudi.  Tunnel 
dynamic  pressure  (tunnel  q)  is  taken  as  the  difference  between  atmospheric  pressure  and  tunnel 
static  pressure.  To  maintain  a  constant  Reynolds  number  throughout  testing  with  changing 
atmospheric  conditions,  a  new  tunnel  q  was  calculated  prior  to  each  run. 
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The  wind  tunnel  has  a  turbulence  fKtor  (TF)  of  1.5.  \llien  conq[>aring  test  results  Irom 


different  wind  tunnels,  the  effective  Reynolds  number,  as  deihied  below,  is  used. 

^®efif  “  ^  ^  ^‘^test 

where  Re^  is  the  test  Reynolds  number.  The  effective  Reynolds  number  is  higher  because  it 
accounts  for  die  additional  tuibulence  in  die  wind  tunnel  cauiied  by  die  propdler,  die  guide  vanes, 
and  the  vibration  of  the  tunnel  walls.  ^  ^ 


Data  Acquisition  System 

The  data  acquisition  process  was  ctmtrolled  by  a  Zenith  Data  Systems  Z-300  conqiuter  using 
the  AFTT  S  foot  wing  tunnel  data  acquisition  and  reduction  software.  Data  acquisidon  was  also 
partly  controlled  by  a  Het^ed-Packard  38S2A  Data  Acquisition  Control  Unit  (DACU)  which  read 
outputs  from  the  sting  balance,  angle  of  attack  potentiomete;,  tunnel  temperature  theimocouple, 
tunnel  q  pressure  transducer,  and  the  model  base  pressure  transducer. 

Forces  and  moments  on  the  model  are  measured  by  an  Able  Coiporation  Maik  V  balance. 
The  O.S-in  diameter,  six-component,  strain  gauge  balance  measures  two  normal  forces,  two  lateral 
forces,  one  axial  force,  and  one  rolling  moment  Pitch  and  yaw  moments  were  resolved  by  using 
die  two  normal  and  two  side  force  measurements.  Excitation  voltage  was  provided  by  a  Hewlett 
Packard  6205  regulated  power  siqiply.  Output  voltages  were  read  by  the  DAO  T  and  stored  in  the 
Z-300.  After  completion  of  a  run,  the  voltages  were  converted  into  forces  during  data  reduedtm 
using  the  calibration  matrix. 

Several  different  pressure  measurements  were  made  during  testing.  They  included:  static 
pressures  on  the  surface  of  the  wing,  total  pressures  of  the  blowing  air  inside  of  die  wing,  static 
pressures  at  the  venturi  meter  tqM  and  time  varying  prestorres  during  pulsed  testing. 

The  static  pressures  on  the  wing  surface  and  the  total  pressures  in  the  wing  plenum  were 
measured  with  a  Pressure  Systems  Inc.  780B/T  P<i*e8sure  MeasuranerJ  System  Data  Ac<|uk'1i«n 
and  Control  Unit  using  a  780B/T  Pressure  Cafibration  Unit.  The  pressure  transducers  were 
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housed  in  ElectromcaQy  Scanned  Pressure  (ESP)  sensors.  The  pressure  measurement  system  was 
connected  to  ttie  HP  3853A  DACU  with  an  IEEE-488  interface  bus.  For  this  test,  a  +/-  45  psia 
ESP  sensor  and  a  +/-  5  psig  ESP  sensor  were  used.  The  ESP  units  were  attached  through  3/32 
inch  tubing  to  the  model  pressure  ports  and  mounted  in  the  wind  tunnel  downstream  of  the  test 
sectionL  The  control  and  calibration  units  for  die  ESP  units  were  located  outside  of  the  wind 
tunnel.  The  pressure  measurements  were  coordinated  with  the  rest  of  the  measurements  by  die 
DACU. 

The  model  base  and  the  tunnel  q  pressures  were  measured  with  two  Robinson-Ha^iem  0-25 
inches  of  water  pressure  transducers.  Two  venturi  flow  metM*  pressure  measurements  were  made 
using  Endevco  8.530A-100  pressure  transducen  powered  by  Endevco  4225  power  siqppHes  and 
conditioned  widi  Endevco  4423  signal  conditioners.  The  ouqiut  voltages  were  read  widi  standard 
voltmeters.  Two  odier  venturi  flow  meter  pressure  measurements  were  made  widi  a  50  inch 
Mercuty  manometer. 

A  pressure  transducer  was  mounted  in  the  blowing  air  siqpply  foie  to  measure  the  sluqie  of 
the  pressure  pulse  entering  (he  model  during  pulsed  testing.  Two  locations  were  chosen  for 
measurements.  The  first  measured  the  pressure  just  past  the  mixing  of  the  pulsed  and  bypassed 
air.  The  second  was  located  about  12  feet  downstream  in  one  of  die  blowing  air  supply  lines 
approximately  1.5  inches  from  die  model.  For  the  second  measurement,  the  transducer  was 
located  as  close  as  possible  to  the  model  so  that  die  wave  foim  of  the  pressure  entering  the  model 
could  be  determined.  The  pressure  was  measured  with  an  Endevco  8530A-100  pressure 
transducer  powered  by  an  Endevco  4225  power  siqiply  and  conditioned  with  an  Endevco  4423 
signal  conditioner.  The  ou^vut  voltage  was  read  on  a  Tektronix  7854  recording  oscilloscope. 
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IV.  EXPERIMENTAL  PROCEDIJRE 


Calibration 

The  sting  balance  was  calibrated  prior  to  any  testing  by  loading  each  of  tire  strain  gauges  of 
die  Mark  V  balance  widi  known  loads.  With  die  exception  of  the  nodal  force  gauge,  all  gauges 
were  loaded  in  the  poslttve  and  negative  duectknts  of  rhe  balance's  coordinate  system.  Since  mily 
positive  axud  forces  were  expected,  that  gauge  was  only  caMbratexi  in  die  positive  direcdon.  Each 
normal  force  gauge  was  calibrated  using  a  20  point  caEbratiofn  from  0  to  50  Ibf;  each  side  force 
gauge  was  calibrated  using  an  18  point  caMbradon  from  0  to  SO  Ibf^  and  the  mUing  moment  gauge 
was  calflnated  with  a  12  point  cafilwadon  from  0  to  10  Ibf. 

During  the  caiibradon  of  any  one  gauge,  die  wind  tunnel  DACU  recorded  the  appUed  load, 
an  strain  gauge  voltages,  die  sdng  angle  of  atteck,  and  die  sting  bend.  After  con^letion  of  the 
caiibradon  for  each  gauge,  a  caiibradon  file  was  written  for  diat  gauge.  The  linear  fit  of  die 
calibration  file  was  checked  widi  the  correlatkm  coefficienl  AQ  of  die  gauges  had  a  coiTelation 
coefBcient  of  0.99996  or  greater.  The  process  was  repeated  for  each  gauge  in  die  posidve  and 
negative  direcdons  i^ere  q)|dicahle.  After  die  II  caiibradon  files  were  collected,  they  were 
combined  into  a  single  calibration  matrix.  The  calibiadon  matrix  included  any  cross-talk  between 
die  gauges  when  loading  occurred.  The  cahbradon  matrix  was  used  during  testing  to  reduce  the 
raw  gauge  voltages  into  forces  and  moments. 

Ehning  the  caiibradon,  a  sdng  bend  file  was  written  for  each  gauge  relating  the  applied  load 
to  sdng  bend.  This  file  was  used  later  during  data  reduction  to  correct  the  an^  of  attack 
measured  widi  the  potentiometer  for  the  deflection  of  the  sdng  due  to  aerodynamic  loads. 

Beftnv  testing,  the  angle  of  attack  voltage  was  related  to  the  wing  angle  of  attack.  The  wing 
was  mounted  on  the  sting  widi  an  inclinometer  to  measure  the  angle  of  attack.  Ihe  wing  was  set  at 
a  given  angle  and  die  voltage  recorded.  This  alpha-voltage  schedule  was  used  to  set  die  wing  angle 
of  attack  while  the  tunnel  was  running  and  for  the  DACLt  to  determine  the  angle  of  attAck. 
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The  three  Endevco  pressure  traniduceni  were  udibrated  prior  to  testing  with  an  Ametek 
dead  wei^t  tester  using  19  and  1 5  point  calibrations.  The  Robinson-Halpem  transducers  were 
also  calibrated  with  an  Ametek  dead  weight  tester  ining  a  23  point  calibration.  For  all  pressure 
tiansduceis,  tiie  calibration  curve  correlation  coefficient  was  0.999  or  greater. 

Test  Item  Checkout 

The  jet  velocity  across  the  trailing  edge  slot  was  checked  for  unifomiity  prior  to  die  model 
entering  die  tunnel  It  was  important  that  the  velocity  and  mass  fk>w  of  blowing  air  out  die 
Mowing  slot  be  umform  across  die  span  of  the  wing  to  achieve  consistent  and  repeatable 
peifomiance  during  testing.  The  model  was  mounted  on  a  table  widi  the  blowing  air  hoses 
attached  and  a  total  pressure  probe  was  positioned  in  the  jet  of  air  exiting  the  wing.  Jet  total 
pressure  measurements  were  made  in  0.5  inch  intervals  alcmg  the  span  of  the  wing.  Also,  the  total 
temperature  within  the  wing,  and  die  ambient  pressure  were  reciX'ded.  From  these,  the  jet  velocity 
was  calculated  using  Equation  11.  The  slot  height  was  adjusted  to  achieve  a  even  flow  velocity 
distribution  across  the  span  as  possible.  The  best  flow  was  achieved  when  the  slot  height  was 
uniform  across  the  span.  Therefore,  when  die  model  was  in  the  tunnel  only  die  slot  height  needed 
to  be  checked.  The  maximum  variation  in  jet  velocity  within  any  side  was  12%  and  a  typical  jet 
velocity  survey  is  shown  in  Figure  6. 
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Figure  6.  Velocity  Profile  at  Trnling  Edge 


After  the  model  was  instaOed  in  u'le  tunnel  and  ah  the  data  acquisition  channels  cmmected, 
several  test  runs  were  performed  before  the  wind  tunnel  was  started.  To  determine  if  installation 
of  the  model  disturbed  dte  main  balance,  die  model  and  balance  were  loaded  with  a  check  load. 
Measurements  from  die  balance  within  3%  of  the  tq;iplied  load  were  determined  to  be  acceptable. 


Testing 

In  diis  test  program,  a  run  consisted  of  an  an^e  of  attack  sweep  widi  the  odisr  parameters 
held  constant  The  angle  of  attack  was  varied  in  2  deg  increments  from  -6  deg  to  die  start  of  stall 
(between  14  and  22  deg).  The  Reynolds  number  based  on  die  wing  chord  was  500,000  for  neariy 
ad  tests.  A  new  q  was  calculated,  using  Equation  7,  prior  to  each  run  using  current  atmospheric 
conditions.  The  parameters  varied  were  the  trailmg  edge  Coanda  surface  shqie,  die  amount  of 
blowing  air  (represented  by  die  blowing  coefBcient),  and  whether  die  blowing  air  was  steady  or 
pulsed.  In  the  pulsed  tests,  an  additional  variable  was  die  pulsing  frequency. 

Following  die  initial  tare,  the  wing  was  tested  without  hoses  attached.  After  another  tare 
with  the  hoses  attached,  testing  of  the  trailing  edges  began.  This  was  done  to  isobte  any  effect  the 
hoses  may  have  on  die  forces  and  measured.  Next,  the  thrust  of  the  jet  of  air  at  three  values  of  the 
blowdng  coefBcient  was  measured  widi  the  tunnel  off.  Finally,  the  wing  was  tested  with  the  tunnel 
running  at  die  same  three  blowing  coefBcients.  With  this  method,  the  contribution  of  die  jet  of  air 
can  be  isolated  fr^im  the  lift  coefBcient  in  the  reduced  data.  Stea^  blowing  was  used  for  these 
tests.  The  same  general  procedure  was  followed  for  aO  the  trailing  edges  tested. 

The  180  deg  trailing  edge  was  later  reinstalled  for  a  faystereas  check.  In  aQ  of  the  testing  to 
dus  point,  die  an^e  of  attack  increased  from  -C  deg  to  die  final  value.  Foi  die  hysteresis  check, 
the  angle  of  attack  was  decreased  from  die  maximum  value  to  minus  6  deg  and  conqiarcd  to  a 
previous  run  where  the  angle  of  attack  increased. 

Pulsed  testing  followed  the  steady  Mowing  tests.  The  variables  for  the  pulsed  tests  were  the 
angle  of  attack,  the  blowing  coefBcijnt,  and  the  frequency  of  the  pulsing.  AH  pulsed  tests  were 
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performed  with  ths  litO  dog  trailing  edge.  Three  angles  of  attack  were  examined;  •’2,  0,  and  2  deg. 
The  fitquoncy  of  die  pulsing  was  varied  h  orn  zero  (stea<fy  blowing)  to  80  Hz. 

Figures  7  and  8  show  two  views  of  tlie  model  mounted  in  the  tunnel  test  section.  In  Figure  7 
die  3/32  inch  sur£Mx  pressure  lines  are  visible  enteiimg  the  ESP  units  mounted  on  the  ctbng.  Figure 
8  shows  the  ht'o  1/2  inch  blowing  hoses  entering  the  rear  of  the  model. 


V 


Figure  7.  Model  in  Tuimd  Test  Section  Looking  Downstream 


I^ureS.  Moddm  Tumid  Test  Sc«tx)oLoddiig  Forward 


Tbe  pulsed  Mowing  air  (dumbing  is  rirawn  in  Figure  9.  Visible  eie  the  diennoccxqde  uded  to 
measure  the  incoming  fikiw  tenqimatuie,  die  two  venturi  flow  meters,  and  the  by-pass  valve.  'Ihe 
puber  valve  and  it’s  motor  are  in  Figure  10. 


Figure  9.  Blowing  Air  lostnimentation 


Figure  10.  Puls«fT  Valve  and  Ehive  Motor 
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V.  DATA  REDUCTION 


Wind  Tuinnel  Corm^tions 

Raw  data  from  die  wind  tunnel  main  balance  was  first  reduced  by  the  wind  tunnel  data 
acquudtion  system  software  into  the  measured  force  and  moment  coefiBcients.  All  of  the  force  and 
moment  data  were  reduced  in  die  wind  axis  where  lift  is  perpendicular  and  drag  is  parallel  to  die 
undisturbed  flow.  While  the  coefficients  were  bang  calculated,  several  standard  wind  tunnel 
corrections  wore  i^lied  as  recommended  by  Pope.  The  corrections  applied  included:  skew 
factcM*  correction  to  q,  solid  blockage  correctitm  to  q,  wake  blockage  conection  to  q,  wind  tunnel 
buoyancy  correction  to  the  drag  coefficient,  induced  dra^  correetkm  to  die  drag  coefficient,  base 
pressure  coirecdon  to  the  drag  coefficient,  and  an  up^waah  correction  to  die  an^  of  attacL  Table 
4  lists  die  corrections  and  their  relative  size  for  a  typical  test  run.  The  corrections  applied  to  the 
tunnel  djyramic  pressure  were  all  very  small  The  drag  coefficient  conections  were  much  huger  in 
conq[>arison  and  the  angle  of  attack  correction  was  very  small  In  addition  to  the  wind  tunnel 
corrections,  the  fdlowing  additt^mal  corrections,  unique  to  diis  investigation,  were  qiplied:  lift 
coefficient  correctkms,  drag  coefficient  corrections,  and  pitching  mmnent  corrections. 

Table  4.  Sumniaiy  of  Wind  Tunnel  Corrections 

Correeden  Percentage  of  Final  Value 

Skew  Factor,  q  1.9 

Solid  Block^,  q  0.10 

Wake  Blockage,  q  0.11 

Buoyancy,  Cd  11.8 

Induced  Drag,  Cd  12.6 

Base  Pressute,  Cd  19. 1 

Up  wash,  Alfdui  0.3 
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Lift  Cocflkient  Corrcctioiis 

The  liit  cocfBcient  had  two  corrections  2q)|Aed:  the  first  for  (he  effect  of  file  blowing  hoses 
and  anofiier  for  the  conqxmoit  of  lilt  caused  by  die  thnist  from  the  jet  of  blowing  air.  The  first 
correction  was  obtained  by  plotting  lift  coefScient  versus  a^iha  for  the  wing  without  and  with  the 
Mowing  hoses  attached,  Figure  11. 


Figure  11.  Effect  of  Blowing  Hose  on  Lift  Coefficient 

Each  lift  coefficient  curve  in  Figure  11  was  fitted  by  a  second  order  pMynomial.  Since  file 
two  runs  were  conqfieted  at  identical  conditions,  the  difference  between  the  curves  was  due  to  the 
presence  of  the  blowing  hoses.  The  correction  for  the  blowing  hoses  was  equivalent  to  the 
difference  between  the  two  curves.  The  correction,  a  function  of  fite  ang^e  of  attack,  was 
calculated  for  every  lift  coefficient  measurement  based  on  if s  corresponding  an^e  of  attacL  This 
correction  was  fiien  added  to  aD  measured  values  of  lift  coefficwnl  and  was  equal  to: 

Correction  =  -aOOOlcr*  +  0.001a  +  0.0003  (22) 

The  hose  correction  qipHed  equally  to  all  three  trailing  edges  since  it  was  strictly  a  function 
of  the  an^e  of  attack.  TaMe  5  shows  file  contributioa  of  the  Hft  coefficient  hose  correction  for 
several  angles  of  attack.  As  shown  in  Table  5,  the  lift  coefficient  correction  was  less  than  1%  over 
a  wide  raiige  of  an^es  of  attack.  The  positive  corrections  are  added  and  the  negative  corrections 
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are  subtracted.  The  piesence  of  die  hose  had  a  small  and  correctable  effect  on  the  hit  coefficient 
measurements. 


Table  S.  Summaiy  of  Hose  Bend  Corrections  to  the  Lift  Coefficient 


Ahiha(deg) 

Percentage  of! 

0.69 

0.15 

2.83 

0.32 

5.09 

0.34 

7.18 

0.25 

9.46 

0.08 

11.66 

-0,14 

13.84 

-0.41 

16.02 

-0.73 

18.08 

-1.09 

The  hit  coefficient  was  also  corrected  for  die  contribution  from  die  dinist  of  the  jet  of 
blowing  air.  For  each  wing  configuradon,  an  a^iha  sweep  was  completed  with  the  Mowing  air  on, 
but  die  wind  tunnel  off.  These  data  files  recorded  the  lift  coefficient  due  to  die  jet  of  air  alone. 
Later  die  wing  was  tested  at  the  same  level  of  blowing  momentum  coefficient  but  widi  the  wind 
tunnel  running.  To  correct  the  hff  coefficient  for  the  contribution  by  the  jet  thrust,  die  hft 
coefficient  for  the  jet  alone  was  subtracted  from  the  hff  coefficient  with  the  tunnel  running.  This 
was  done  for  all  data  points  with  blowing. 

The  jet  thrust  correcdon  was  larger  dian  die  hose  correction  and  a  function  of  both  the 
trailing  edge  shape  and  die  Mowing  coefficient  TaMe  6  summarizes  the  jet  thrust  corrections 
which  were  subtracted  fipom  die  measured  tiff  coefficient. 


23 


Table  6.  Summary  of  Jet  Thrust  CJorrections  to  the  Lift  Coefficient 


Wing  Configuration 

Magnitude  of  Correction 

Percent  of  Final  Value 

180  deg  TE,  Low  Blowing 

0.0055 

-0.44 

180  deg  TE,  Medium  Blowing 

0.0261 

-1.43 

180  deg  TE,  Blowing 

0.0381 

-1.81 

90  deg  TE,  Low  Blowing 

0.0310 

-2.31 

90  deg  TE,  Medium  Blowing 

0.0625 

-3.75 

90  deg  TE,  Hij^  Blowing 

0.118 

-5.84 

45  deg  TE,  Low  Blowing 

0.0319 

-2.76 

45  deg  TE,  Medium  Blowing 

0.0611 

-5.38 

45  d^  TE,  High  Blowing 

0.0713 

-3.62 

As  shown  in  Table  6  above,  at  a  given  level  of  blowing  ffie  jet  tfmist  correction  percent  wise 
was  smallest  with  tfie  180  deg  trading  edge  and  largest  with  die  45  d^  trailing  edge.  Also, 
increasing  die  amount  of  blowing  increased  the  reqinred  correction.  These  trends  are  caused  by 
two  reasons.  The  magnitude  of  the  correction  was  smaller  for  the  180  deg  trailing  edge  than  the 
odier  two.  Also,  while  the  magnitude  of  the  correction  was  similar  for  the  90  and  45  deg  trailing 
edges,  the  45  deg  trading  edge  had  lower  Ufi  coefficients  leading  to  a  larger  correction  as  a  percent 
Overall,  die  jet  dirust  correction  was  much  larger  than  the  angle  of  attack  correction.  The  total 
correcdon  is  the  sum  of  die  values  in  Tables  5  and  6. 


Drag  Coefncient  Corrections 

The  drag  coefficient  also  was  conected  for  the  blowing  air  hoses.  As  for  die  lift  coefficient, 
the  drag  coefficient  was  plotted  against  the  angje  of  attack  for  die  wing  with  and  without  hoses 
attached.  Figure  12. 
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Figure  12.  Elfect  of  Blowing  Hoses  on  Drag  CoefiBcieni 

As  shown  in  the  Sgure  above,  the  hoses  reduced  the  measured  drag  coefhcient.  Compared 
to  the  lift  coefficient  case  ^ere  the  lifl  loads  tended  to  bend  the  hoses,  the  ilrag  loads  were  tiying 
to  conqness  ^e  hose  axially.  The  hose  was  much  stiffier  in  conqirtssion  than  bmding,  leading  to 
higher  hose  bend  conections  for  die  drag  coefficient.  To  obtain  the  correction,  both  curves  in 
figure  8  were  fitted  widi  second  degree  polynomials.  The  correclion  to  be  added  was  die 
difference  between  die  clean  wing  and  hoses  attached  configurations.  Each  drag  coefficient  point 
was  corrected  in  this  fashion.  The  correction  added  to  each  drag  coefficient  meastirenaent  was  a 
function  of  the  angle  of  attack  and  equal  to: 

Correction  =  -  O.OOOlo^  +  0.0008c  +  0.017  (23) 

This  hose  correction  also  iqiplied  equally  to  ad  three  trading  edges  since  it  was  strictly  a 
function  of  die  angle  of  attack-  1  able  7  shows  the  contribution  of  die  drag  coefficient  hose 
correction  for  several  an^es  of  attack.  The  positive  corrections  are  added  and  the  negative 
corrections  are  subtracted.  Ahhmgh  the  presence  of  the  hoses  Ivul  a  much  larger  effect  on  the 
drug  coefficient  than  oxi  the  iifl  coefficient  it  was  still  correctable. 
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Ta!»le  7.  Sumimiy  of  Kosc  Bisnd  Correctiom  to  the  Drag  Coefficient 


A^dic  (deg) 

Petcendige  of  Fa 

0.69 

22.7 

2.?3 

24,4 

5.09 

19.5 

7.18 

15.1 

9.46 

11.4 

11.66 

8.0 

13.84 

5.2 

16.02 

2.0 

18.08 

-0.3 

Puked  Blowing  R^^uctkms 

Data  from  die  pulsed  tests  were  reduced  the  same  way  as  the  steacfy  state  blowing  tests.  It 
should  be  noted  diat  because  die  data  acquisition  system  takes  many  measurements  and  averages 
diem  while  at  a  single  data  point,  trainsient  forces  and  moments  are  averaged  out  in  die  output. 
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VI.  RESULTS 


Hysteresta  Check 

The  i«sults  of  the  hysteiesk  test  are  in  Figure  13.  At  the  higher  angles  of  attack  there  is  little 
indication  of  iQvteresis.  However,  at  angles  of  attack  less  than  zero  the  Hh  measured  while  alpha 
was  increasing  was  higher  ttian  hut  measured  with  alpha  decreasing.  The  difference  between  tiie 
two  curves  is  small,  on  the  order  of  0.046,  but  quite  large  when  expressed  as  a  percent  of  liit 
coefficient  because  die  lift  coefficient  is  veiy  small  at  those  angles  of  attack.  The  magnitude  of  the 
hysteresis  at  negative  ang^  of  attack  is  similar  to  that  of  the  jet  dmist  correction  and  larger  than 
the  hose  bend  correction  to  the  M  coefficient 


Figure  13.  Hysteresis  Results,  180  deg  Trailing  Edge 
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Re|)eat«ibnity  Check 

Test  repeatabflify  was  checked  by  repeating  points  of  an  eaiher  nm  later  in  the  test  Tliie 
results,  shown  in  Figure  14,  suggest  a  high  degree  of  repeatability.  The  maximum  difiference  in  lift 
coefficient  between  die  two  tests,  for  die  same  an^e  of  attack  was  0.015.  At  die  higher  angles  of 
attack,  dns  corresponded  to  an  error  of  3.3%. 


Figure  14.  Repeatability  Check,  45  deg  Trailing  Edge 


180  degree  Trailing  Edge 

First,  hit  data  for  the  180  deg  trailing  edge  will  be  presented.  The  lift  coefficient  was  plotted 
against  momentum  coefficient  for  four  angles  of  attack,  Figure  IS. 
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Figmre  IS.  Efiect  of  Blowing  on  lift  CoefBcient,  180  Tniling  Edge 


From  Figure  15,  increasing  die  Mowing  at  a  given  fixed  aiigjb  of  attack  increases  the  lift 
coefiEicient  as  eiqiccted.  The  effect  of  changing  die  angle  of  attack  only  shifts  the  vs.  curve 
•up  or  down.  Also,  along  a  given  an^e  of  attack  curve,  the  slope  of  the  curve  decreases  as  the 
momentum  coefficient  is  increased.  This  suggests  that  a  Umit  on  how  high  die  lift  coefficient  can 
be  raised  widi  increasing  blowing  is  being  approached. 

Genera^,  the  curves  of  constant  an^e  of  attack  in  Figure  IS  are  uniformly  spaced  The 
exception  is  die  curve  at  an  ang^e  of  attack  of  12.4  degrees.  That  particular  curve  was  assembled 
fiom  data  firotn  four  different  rune  where  die  blowing  coefficient  was  held  constant  and  die  angle 
of  attack  was  varied.  The  data  point  at  Cm=0.06  was  approachiiig  sta3  at  this  angle  of  attack  and 
blowing  combination  and  consequendy  has  a  Utde  lower  value  of  lifl  coefficient  The  other  diree 
data  points  on  diis  curve  were  not  near  the  stall  angle  of  attack. 

Figure  16  shows  die  lift  to  measured  drag  ratio  plotted  against  die  momentum  coefficient 
As  the  momentum  coefficient  is  increases  at  a  given  angle  of  attack  the  L/D  ratio  rises  to  a 
maximum  before  decreasing  and  finally  leveling  off.  The  same  trend  occurs  for  afl  three  an^es  of 
attack  shown  but  each  has  a  unique  level  of  blowing  coefficient  where  LTD  is  a  maximuro.  TIk 
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pe«k  lift  to  (bag  ratio  occurs  at  relatively  low  values  of  momentum  coefficient  for  all  three  an^^es. 
For  momentum  coefficients  greater  than  0.2S,  all  tfie  UD  ratio  curves  level  out.  This  trend 
indicates  a  practical  limit  to  blowing  and  is  true  for  all  three  angles  of  attack  examined.  The  trends 
in  the  figme  si^gest  that  a  sufficiently  high  angle  of  attack,  the  peak  Ufl  to  drag  ratio  will  occur  at 
zero  blowing. 


Figure  16.  Effect  of  Blowing  on  Lift  to  Drag  Ratio,  180  deg  Trailing  Edge 

The  pitching  moment  about  the  model  center  of  gravity  is  plotted  against  the  blowing 
coefficient  at  three  angles  of  attack  for  the  180  deg  trailing  edge  in  Figure  17.  Along  a  given  angle 
of  attack  the  pitching  moment  decreases  as  die  blowing  is  increased.  This  corresponds  to  an 
increasing  nose  down  moment  as  the  blowing  is  raised.  Increasing  the  angle  of  attack  reduced  the 
n<xte  down  moment. 
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Figure  17.  Effect  of  Blowing  on  Pitching  Moment,  180  deg  Trailing  Edge 


Comparison  of  Trailing  Edge  Shapfs 

Pint  die  force  and  moment  data  will  be  discussed,  followed  by  die  pressure  data.  One  of  the 
objoctiveg  of  dus  research  investi^tiQn  was  to  determine  if  partial^  rounded  trailing  edges  could 
have  equal  or  better  penbimance  dian  a  full  180  deg  rounded  trailing  edge.  The  lifl  coefficient  for 
the  three  trailing  edges  is  conqiared  at  maximum  blowing  in  Figure  18.  The  performance  of  the 
180  and  90  deg  tndStng  edges  is  nearly  equal  because  the  90  deg  case  has  only  4%  less  lift  than  the 
180  deg  trailing  edge  with  7%  less  blowing  at  die  same  angle  of  attack,  zero.  The  4S  deg  trailing 
e<%e  has  40%  less  Ufl  than  the  180  deg  trailing  edge. 
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Figure  18.  Effect  of  Blowing  on  Lift  Coefficient  for  Three  Trailing  Edges 


The  effect  of  increased  blowing  on  each  trailing  edge  is  considered  next.  Figurei  19  dirough 
21  show  the  Uff  coefScient  plotted  against  the  angjk  of  attack. 


a.^  T 


I - 

- • —  Omi“a 

OwOJQSfB 

- a. —  QncSISe 

- •—  OtfOJh' 

_ _ I 


Figure  19.  Effect  of  Blowing,  180  deg  Trailing  Edge 


32 


-10«(k  S10tfaD2& 

-I- 

Figure  20.  Effect  of  Blowing,  90  deg  I'nni&ig  Edge 

Fffrures  19  and  20  have  scmilar  sharactemtics.  increasing  tfie  blowing  stutts  the  Cj[^  vs.  a4>ha 
curve  up.  Also,  Cj  vs.  a^ha  curves  remain  straight  and  psrsUdi  widi  no  change  in  slope. 

Increftsing  the  blowing  also  ehifte  the  stall  an^e  of  attack.  For  the  180  deg  trailing  e<%e  ca»;e  with 
na  blowing,  the  wing  stalls  at  about  18  deg.  When  blowing  is  first  starter!,  the  angle  of  stall 
decreases  to  13  deg.  As  the  amount  of  blowing  is  increasetl,  the  an^e  of  stall  increases.  At 
maximum  blowing,  the  stall  angle  is  approximately  22  deg.  lx>w  blowing  rates  disrupt  tlie  flow  of 
air  at  the  trailing  edge  and  lead  ito  early  separation,  but  at  hii^ier  blowing  rates,  the  air  or'er  fire 
igrp^T  surface  is  energized  md  remains  attached  to  die  wing  at  higher  angles  of  attack  This  trend 
is  alss  true  for  the  90  deg  and  45  deg  trading  edges,  Figuros  20  and  21. 
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Figure  21.  Elifect  of  Blowing,  43  deg  TraaKng  Edge 


Fi*r  the  45  deg  triiiHng  e^e,  Figure  21,  the  lesults  are  mixed.  IncruuMing  blowing  does  not 
raise  tbc  MB  codffioient  in  all  cases.  For  examine,  there  is  kittle  difference  in  Hit  coefficioit  between 
C^i==0.0726  and  C^==0. 123.  The  higher  blowing  only  allowed  hi^er  angles  of  attack  and 
produccil  an  erratic  Hit  coe^dent  curve. 

The  HB  coefSdent  a  maximum  blowing  and  a^^ia  equal  to  nearly  20  deg  was  conqiared  for 
ail  thiee  trafling  edges.  The  180degtrailingodgeliadaIiBcoefrioientof3.12.  At  similar 
conditicins,  die  90  deg  ^tailing  edge  had  a  HB  coefiddent  of  2.99,  only  4.2%  less  Bum  the  180  deg 
trafHng  edge.  Also  at  smular  condiHons,  die  45  deg  traiHng  edge  had  a  HB  coeBBdent  of  2.36,  24% 
less  than  the  180  deg  traiHng  edge. 

Ai)  shown  by  Equations  S  and  6  diere  is  a  Hmit  tc  the  nuudmum  HB  coefBdent  of  a 
circulation  contnd  wing.  For  the  ISO  deg  traiiicg  edge  widi  an  aspect  ratio  of  3.99,  the  two  Hmits 
for  the  liB  coefficient  arc  3.41  and  4.83.  From  Figuie  19,  the  maximum  HB  cod95cienl  measured 
durhig  testing  was  3.17,  lowor  than  eithei'  of  ^  two  HmitB.  Tide  ptoints  out  that  though  the  HB 
may  be  leveling  o£f  widi  increasing  Mowing,  as  shown  in  Figure  15,  dune  is  sdQ  more  M  to  be 
gdned  by  increashig  the  amount  of  Mowing. 
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llie  equivalent  drag  of  the  three  trailing  edges  at  maxinium  blowing  is  c<niq>are(l  in  Figure 
22.  The  180  deg  tndhng  edge  had  die  h^est  drag  of  the  three  condSgurations.  At  atii  an^e  of 
attack  of  approximate^  zero  the  SH)  deg  trriling  edge  had  15%  less  drag  and  die  45  deg  trailing 
edge  had  34%  less  drag. 


Figure  22.  Comparison  of  lilt  Performance,  Maximum  Blowing 

The  equivBlerit  drag  for  each  of  die  diree  trailing  edges  is  shown  in  Figures  23  through  25. 
For  die  180  deg  trailing  edge,  Figure  23,  die  increase  in  drag  is  equal  to  the  equivalent  drag 
contribution.  At  the  hi^er  blowing  rates  the  drag  is  vciy  substantial.  The  same  trends  are  noted 
for  die  other  two  tniiltnig  edges,  Figures  24  and  25. 
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Figure  25.  Fxpiivaleiit  Drag,  45  deg  Trailmg  Edge 

The  pitching  momentB  about  the  wing  center  of  gravity  for  the  three  trailing  e<%es  is 
conqiared  at  maximum  blowing,  Figure  26.  The  180  deg  and  90  deg  trailing  edges  have  neaiiy 
identical  curves.  The  45  deg  trailing  edge  has  a  much  different  curve  with  the  pitching  moment 
being  positive  over  most  of  the  range  of  alpha. 


Figure  26.  Effect  of  Blowing  on  Pitchhig  Moment  for  Three  Trailing  E^es 
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The  pitching  moment  curves  for  the  individual  trailing  et^es  at  several  levels  of  blowing 
follow  in  Figures  27  throu^  29.  Tlie  set  of  curves  for  the  180  and  90  deg  trailing  edges,  Figures 
27  and  28,  are  very  similar.  The  pitching  moment  curve  for  the  45  deg  trailing  edge,  F^;ure  29,  is 
different  because  all  of  die  Cm  vs.  A^ha  curves  for  the  different  levels  of  blowing  he  on  one  line. 
For  the  45  deg  trailing  edge  the  pitching  moment  is  independent  of  the  amount  of  blowing  and 
only  a  iunction  of  the  angle  of  attack. 


Figure  27.  Pitching  Moment,  180  d^  Trailing  Edge 


Figure  28.  Pitching  Moment,  90  deg  Trailing  Edge 
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Figure  29.  Pitching  Moment,  4S  Trailing  Edge 


Pressure  coefficient  plots  are  considered  next  First,  die  1 80  deg  traiHng  edge  is  shown, 
Figure  30,  widi  no  blowing.  It  is  followed  by  direc  plots.  Figures  31  through  33  of  die  diree 
trailing  c<^e8  at  maximum  blowing.  All  plots  are  at  an  angle  of  attack  of  qiproximately  zero. 
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Figure  30.  Pressure  Cocfficaenl,  180  deg  Trailing  Edge,  C^=C,  ah)ha=0.69 
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Figutt;  31.  Pressure  (^iocifficient,  180  deg  Trailing  Edge,  C^==0.26,  a^ha=0.44 
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Figim:  32.  Prwsune  Cocflicieii!,  90  deg  TnuHng  Edge,  €^-^.24, 


40 


-15 


Figure  33.  Pressure  Coefficient,  45  deg  Tndting  Edge,  C^=0.26,  a^hai=0.75 


Figure  30  shows  the  presswe  coefficient  plot  of  the  wing  with  the  180  deg  trailing  edge  and 
no  blowin.g.  The  stagnatioiii  point  ties  on  die  leading  edge  and  there  is  a  mild  low  pressure  region 
at  die  trailing  edge.  The  jnessure  coefficient  was  plotted  for  the  180  deg  trailing  edge  at  maximum 
blowing,  Figure  31.  The  increased  circulation  induced  by  the  blowing  has  moved  the  front 
stagnation  point  from  the  leading  edge  back  to  the  x/c=0. 17  location  on  the  lower  surface.  Most 
significantly,  there  is  a  very  strong  low  pressure  region  at  the  rear  of  the  wing.  This  suction  peak 
at  maximum  blowing  causes  an  increase  in  die  drag  coefficient  compared  to  die  unblown  wing. 
Figure  32  shows  the  wing  at  a  similar  ang^e  of  attack  and  blowing  coefficient  but  with  the  90  deg 
trailing  edge.  The  pressure  coefficient  data  is  incomplete  because  the  trailing  edge  was  not 
instrumented  for  this  and  the  45  degree  cese.  Again,  increased  circulation  moved  the  leading  edge 
stagnation  point  moved  rearwaal  to  die  lower  surface.  As  die  rear  of  the  wing  is  approached,  die 
pressure  coefficient  becomes  increasins^  negative,  niggesdng  a  low  pressure  region  at  the  trailing 
edge  like  the  first  configuratirm.  When  examining  Figure  33,  the  45  deg  traiiiiig  edge  case,  the 
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pressure  coefficient  is  less  across  Ae  upper  surface  tiian  the  other  two  configurations,  leading  to  a 
decreased  Hit  coefficient  Hhe  four  configuraficms  are  conqpared  in  Table  8. 

Table  8.  lift  and  Drag  Data  for  Various  Configurations 


T.  E. 

Alpha 

Cu 

Ct. 

CDc 

ITDc 

180 

0.69 

0.0 

0.64 

0.077 

8.27 

180 

0.44 

0.26 

2.14 

1.25 

1.71 

90 

0.48 

0.24 

2.14 

1,06 

2.02 

45 

-0.75 

0.26 

1.25 

0.795 

1.57 

When  comparing  tire  blown  1 80  deg  and  90  deg  trailing  edges,  the  hit  is  eqiual,  but  the  hit 
for  the  45  deg  traihng  edge  is  42%  less.  The  equivalent  drag  for  the  90  deg  trailing  edge  is  15% 
less  than  that  for  die  180  deg  trailing  edge.  This  suggests  that  though  the  90  deg  t):ailing  edge  also 
may  have  a  suction  peak,  it  is  probably  less  than  die  180  deg  trailing  e<%e.  Tlte  4$  deg  trailing 
edge  has  lower  lift  and  drag  coefficients  dian  die  first  two  cenfigumdons.  A  final  conqyarison  is 
made  using  the  hit  to  equivalent  drag  ratio.  This  ratio  allows  that  increasing  the  circulation  about 
the  wing  raises  the  drag  more  than  die  lift  since  all  blown  L/De  are  less  than  the  unblown  cases. 
Of  die  blown  wings,  the  90  deg  trailing  edge  configuration  has  the  best  hit  to  driig  ratio,  entirely 
because  of  die  lower  drag  compared  to  die  180  deg  configuration. 

Pulsed  Testing 

First,  the  shape  of  die  pressure  pulse  wid  be  discussed,  foDowed  by  fence  and  moment 
results.  The  shtqK  of  the  pcssure  pulse  was  vary  distinct  as  it  left  the  pulscr  valve  and  meiged 
with  die  bypassed  air.  A  typical  single  pulse  at  this  Iccadon  is  given  in  Figure  34.  The  mean 
pressure  was  22.3  psig  and  the  am]ditude  was  2.0  psi 
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Figure  34.  Pressure  Pulse  Near  Pulser  Valve,  Low  Blowing,  20.8  Hz 


As  the  air  traveled  down  the  1/2  inch  siqiply  line  to  the  model,  die  mean  and  amplitude 
pressures  dropped  and  the  wave  form  became  distorted  Figures  35  through  38  give  a  ^cal 
pressure  pulse  as  measured  at  the  entrance  to  die  model  afta’  passing  through  approximately  12 
feet  of  hose.  The  effect  of  increasing  blowing  on  the  sh^  of  the  pulse  is  shown  progressively  in 
Figures  3S  through  37. 


Figure  35.  Pressure  Pulse  At  Model,  Low  Blowing,  19.9  Hz 
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Figure  37.  Pressure  Pulse  At  Model,  Hig^  Blowing,  19.9  Hz 

The  pressure  drop  dirough  die  hoses  wss  quite  large  and  altered  die  pressure  pulse  entering 
the  model.  For  example,  at  low  blowing  the  mean  pressure  measured  at  tibe  model  was  1.7  psig 
conqMued  to  22.3  psig  at  the  pulser  valve  and  die  anq^itude  was  reduced  from  2.0  psi  to  03  psi. 
As  the  blowing  increased,  the  pressure  pulse  shiqie  has  more  and  more  noise  in  it,  so  that  at 
maximum  blowing,  F;^;ure  37,  there  is  no  wdl  (Lfrned  pulse  entering  the  model. 


44 


In  Figure  3S  the  prcMure  pube  shape  at  the  model  is  shown  at  a  higher  pulsing  frequency, 
40.2  IIz.  The  efiect  of  raising  the  frequency  while  keeping  the  blowing  constant  can  be  seen  by 
conqparing  Figvi^  36  and  Figure  38,  both  at  medium  Mowing.  Raising  the  pulsing  frequency  also 
leads  to  a  distorted  waveform. 


The  effect  of  pulsing  on  die  Sfr  coefificioit  is  examined  next.  The  Ufr  coefiScient  for  the  1 80 
deg  trailing  edge  is  plotted  for  tfiree  angles  of  attack  at  various  pulsing  frequencies,  Figures  39 
tlrough  41 .  At  low  blowing  levels,  Figure  39,  the  Hit  coefficient  decreases  as  the  pulsing 
frequency  increases  for  two  angles  of  attack,  -l.I  deg  and  3.3  deg.  The  pulsing  increased  the  Hfl 
coefficient  for  an  angle  of  attack  of  1.0  deg. 
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Figure  39.  ESect  of  Pulsing  Frequency  on  lift,  C^=0.018 


Mixed  resuhn  also  occur  at  a  medium  level  of  blowing,  Figure  40.  At  llrs  level  of  blowing 
die  lift  coefficient  increases  at  the  two  higher  as^es  of  attack  as  the  pulsing  fieqviency  was  raised 
from  steady  blowing  to  20  Hz.  Pulsing  decreased  the  lift  at  an  angle  of  attack  of -0.9  deg.  Results 
for  an  three  an^es  of  attack  remain  steady  as  dK  fiequenc}^  is  increased  above  20  Hz.  This  is 
caused  by  the  break-down  of  the  i»essure  pulses  ^en  die  frequency  is  increase'i  shown  eaiher. 
Increasing  die  frequency  beyond  20  Hz  only  results  h  random  pressure  fluctuations  reaching  die 
model  instead  of  distinct  pulses. 
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Figorc  40.  Effect  of  Pulmng  Frecjuency  on  lift,  C^j^.089 

At  the  higjiest  it/vel  of  pulsed  blowing,  Figure  41,  flie  Hfl  essentudty  nenisim  unchsngcd  as 
the  pulsing  fiequency  is  raked.  This  is  due  to  die  severely  distorted  pressure  pulse  at  high  blowing 
reaching  the  model  noted  eaiher.  The  mod^  was  not  receiving  distinct  pressure  pulses. 
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Pgiiie  41,  Effect  of  Pulsing  Frequency  on  lift,  C^==0.11 
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OverikD,  lh«  Hft  coeffid«int  i-wwlts  of  pulisaig  ;he  bkming  air  to  ihc  model  arc  mixed.  The 
lack  of  %  dear  trend  m  the  frequency  or  blowing  is  increased  is  because  the  pressure  pulse  ineaching 
ihc  model  is  ifot  a  clear  sinusoidal  signal,  but  something  approaching  noise. 


VII.  CONCLUSIONS 


1.  The  oiaxamum  KA  possiUe  firom  wing  was  not  reached  and  hi^er  hfi  coefficients  can 
be  achieved  widi  higher  Mowing  rates.  Test  data  shows  die  rate  of  increase  of  hit  widi  higher 
blowiog  is  decreasing,  inddcath^  that  a  limit  to  die  Hit  coefficient  is  being  approached.  The 
exception  is  die  4S  deg  trailing  edge,  vdiere  increasing  die  blowing  gave  mixed  results. 

2.  The  90  deg  trailing  ec^  shows  promise  as  a  better  trailing  edge  for  a  circulation  control 
wing.  The  lift  performance  of  die  wing  widi  this  trailing  edge  was  essential^  equal  to  that  of  the 
180  d^  trailing  edge.  The  equivalent  drag  of  the  wing  with  the  90  deg  trailing  edge  was  as  much 
as  15%  less  than  the  wing  with  die  180  degree  trailing  edge.  Pitching  moment  characteristics  for 
the  180  and  90  deg  trailing  e<^  were  basical^  die  same. 

3.  The  45  deg  trailing  edge  had  Hit,  drig,  and  pitching  moment  characteristics  much 
different  dian  die  180  deg  and  90  deg  traihog  edges.  ’The  hit  on  die  wing  with  the  45  deg  trailing 
edge  was  less  dian  diat  widi  die  odier  two  tnuhig  edges  and  as  much  as  40%  less  dian  die  180  d^ 
tndlhig  edge  at  zero  d^rees  angle  of  attack.  The  equivalent  drag  of  die  wing  widi  the  45  deg 
trailing  edge  was  as  much  as  35%  less  dum  the  180  deg  trailing  edge.  The  pitching  moment  was 
independent  of  die  amount  of  Mowing  with  this  tnuhag  edge. 

4.  Results  from  die  pulsed  tests  were  mixed  because  die  model  was  not  receiving  clear 
distinct  pressure  pulses.  By  die  time  die  pressure  pulse  traveled  through  the  hose  and  reached  die 
model  it  was  danqiened  out  This  situation  was  aggravated  by  higher  blowing  rates  and  higfier 
pulsing  frequencies. 
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Vni.  RECOMMENDATIONS 


L  To  obtain  a  corapiste  pressure)  coefficient  profile  around  the  entire  wing,  it  is 
recommended  that  die  90  and  4S  degree  traOrng  edges  be  instrumented  to  meemire  pressure.  Widi 
these  measurements,  it  can  be  determined  if  the  90  degree  trailing  edge  has  a  less  powerful  suction 
peak  dum  the  180  d^;ree  trailing  edge. 

2.  When  die  actual  pressure  pulse  entering  the  model  was  measured,  it  was  found  to  be  very 
irr^iiilar.  Much  of  die  distortirm  was  due  to  the  pressure  pulse  traveling  throu^  the  long,  small 
diameter  hose  firom  die  pulser  valve  to  the  model  To  obtain  more  control  and  achieve  a  more 
dtsdnet  pressure  pulse  at  die  wing,  it  is  recommended  that  the  pulser  valve  be  brousht  closer  to  the 
model  by  iiutalling  it  in  die  tunnel  downstream  of  die  test  section,  or  inside  of  the  model 

3.  Since  the  maximwn  lifl  coefSciont  was  not  reached,  it  is  recommended  that  die  model  be 
tested  at  still  hishei'  levels  of  Mowing  to  see  if  die  Imuts  proposed  by  McCormick^  can  be  reached. 

4.  If  a  new  model  is  to  be  constructed  of  similar  size,  it  is  recommended  diat  die  amount  of 
instnimentaticn  inside  of  die  model  (primarily  static  pressure  ports)  be  limited  to  vduU  is  absolutely 
r<ece8saiy.  The  small  volume  of  die  current  model  presented  great  difficulty  to  die  model  buildeiB 
and  gieady  lengthened  the  time  required  to  build  the  model 
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APPENDIX 


Corrected  Force  BrJance  Data 


dr2„001.###  from  cirSCOl.OUT 

Circulation  Oontroi  Run 

1;50:2!SpmcnSn6/92 

Description  Configuration  No  Hoses 

Comments  No  Probiems 

Barometric  29.3450 

Ra=407000 

Cmu=0 


Aip,  oorr. 

WindQ 

Winded 

WindCm 

1 

-a.42 

1.35E-02 

5.82E-02 

-0.1074 

2 

-6.14 

1.41E-01 

5.67E-02 

-0.0691 

3 

-3  32 

3.43E-01 

6.irc-02 

-0.0256 

4 

•1.53 

5.21  E-01 

6.92E-02 

0.0169 

S 

0.68 

6.45E-01 

7.64E-02 

0.0578 

6 

2.86 

7.37E-01 

7.80E-02 

0.0»44 

7 

5.07 

8.31  £-01 

9.36E-02 

0.1252 

8 

7.22 

9.1  IE-01 

1.17E-01 

0.1496 

9 

9.52 

1.05E+00 

1.52E-01 

0.186 

10 

11.65 

1.12E+00 

1.59E-01 

0.2175 

11 

13.85 

1.20E+00 

1.79E4)1 

0.24S1 

12 

16.03 

1.28E^00 

2.17E-01 

02729 

13 

18.08 

1.31E+00 

2.60E-01 

0.2803 

cir3_014,i#i  from  drSOI  4.01/1" 

9;14;46am  on  9/22/92 

Description  180  deg  TE,  no  blowing 

Cornmenty  No  Problems 

Barometric  28.9350 

Re=4g9000 

Cmu=0 


Alp.  corr. 

O  correct  Cd,  cerr. 

Windf^n 

1 

-a.s? 

-2.20E-02 

541E-02 

-0.099 

2 

-??.11 

1.52E-01 

081E-02 

-0.0S52 

3 

-3.79 

C.56E-01 

5  91E-02 

0.0242 

4 

-1.54 

5.22EU1 

6.83E-02 

0,0147 

S 

om 

6.38E-01 

7.71  E-02 

0.0533 

6 

2.83 

7.29E01 

7.56F-02 

O.CWOC 

7 

5.09 

8.35E-01 

9.4SE-02 

O.’ITT 

8 

7.18 

9,15E-01 

1.I7E-01 

01399 

9 

9.46 

1  03E+00 

1.37E-01 

0.176 

10 

11.66 

1.13E+00 

158E-01 

0.2057 

11 

13.84 

1.21E+00 

1.72E-01 

0.2332 

12 

1602 

1.28E>00 

2.05E-01 

02574 

13 

ie.08 

1.31E+00 

240E-01 

0.2697 
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df3^005.###  from  ctj30C5.OUT 
1:38:25pm  on  an  7/92 

Oeaciiption  Oonfigura^on  180  deg  TE.  20  psig 

Commvntb  Model  began  shaking  at  1 2  deg 

Barometric  29.2070 

Re=497000 

Cmu==0.0565 

R  Alp.  oorr.  Q,  oorrecs  Cd.  oorr.  WindCm 

1  -7.58  6.62E-01  1.64E-01  -0.1403 

2  -5.31  8.27E-01  1.84E-01  -0,1028 

3  -3.06  9  73E-01  2.08E-01  -0.0817 

4  -0.84  I.IIE-^00  2.33E-01  -0.02Z2 

5  1.36  1.24E-^00  2.63E-01  0.0121 

6  3.63  1.37E+00  3.01 E-Oi  0.0478 

7  5.87  1.47E-»00  3.31  E-01  0.0747 

8  8.05  1.57E+00  3.76E-01  0.0903 

9  10.28  1.68E-»00  4.08E-01  0.1321 

10  12.38  1.67E+00  4.35E-01  0.1678 

cir3_0C6.#l#  from  cir3006.0UT 
2:19:56pm  on  9/17/92 

Description  Configuration  180  deg  TE.  40  psig 

Commsnts  modal  shaking  at  last  point 

Barometric  20. 1  ^0 

Re=496000 

Cmu=0.156 

R  Alp.  corr  C\.  correct  Cd.  oorr.  WindCm 

1  -C.74  1.31E+00  5.92E-01  -0.1805 

2  -4.43  1.46E+00  6.32E-01  -0.1421 

3  -2.23  1.58E+00  6.62E  01  -0.1002 

4  -0.02  1.72E-^Q0  7.04E-01  -0.0666 

5  2.18  1.B2E+00  7.42E-01  .H.0309 

6  4.S  1.98E+00  7.93E-01  0.001 

7  6.75  2.07E+0C  3.39E~01  0.0343 

8  8.94  2.16E+00  9.02E-01  0.0557 

9  11.18  2.29E+00  -J.SOE-OI  0.0861 

10  13.42  2.42E+C0  1.02E+00  0.1144 

11  15.65  2.51  E>00  1.07E+00  0.1332 

12  17.74  2.54E+00  1.12E+00  0.17 
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arZJOOT.m  from  dr3007.0UT 
2;59:5£lpm  on  y  17/92 

Doscription  Oonfjgur^tion  180  deg  TE.  60  psig 

Oomcnents  No  Problems 

Barometric  21«.  1670 

Fie=495000 

Cmu=0.26Q 

Pt  Alp,  ooir  Cl.  correct*  Cd.  oorr.  WindCm 


1 

-6.27 

1.68E+00 

1  HErOO 

-0.2106 

2 

-4.02 

1.84E+00 

1  16E-*-00 

-0.1748 

3 

-1.73 

1.99E+00 

1.20E+00 

-0.1379 

4 

0.44 

2.1C£v00 

1.25e-r00 

-C.IOI 

5 

2.76 

2.2&E-K)0 

1.30E+00 

-0.0711 

6 

5.S6 

2.39E4^0Q 

1.36c*00 

-0.033 

7 

7.3 

249E-*-00 

14aE+00 

■^.008 

8 

9.47 

2.57E+00 

1.50E+00 

0.0127 

9 

11.05 

2.63E+00 

1.53E-^0U 

0.0351 

10 

13.96 

2.80E^00 

1.S2E+00 

0.0718 

11 

16.3 

2.92E+00 

1.70E+00 

0.0966 

12 

18.37 

S.02E+00 

1.74E+00 

0.1258 

13 

20.62 

3.'i2E+00 

1.82E+00 

0.1451 

14 

22.73 

3.I7E+X 

1.85E-»00 

0.1762 

cir3_0iS.i##  from  cir3025.OUT 
10:30:1 1am  on  9/23/92 
Description  Configuration  90  deg  TE.  no  bio* 
Comments  No  Problems 


Barometric  29.4400 

Re=467000 

Cmu=0 

Pt  Alp.  corr. 


1 

-8.37 

2 

-6.11 

3 

-3  85 

4 

-1.59 

5 

0.58 

6 

2.?4 

7 

4.89 

8 

7.04 

9 

9,15 

10 

11.32 

11 

13.59 

12 

15.69 

Cl.  correct 

Cd.  corr. 

-4.39E-02 

6.26E-02 

1 .26E-01 

5.79E-02 

3,19E-01 

5.63E-02 

5.01  £-01 

5.77E-02 

6.29E-01 

6.37E-02 

7.31  E-01 

7.37E-02 

8.28E-0I 

9.0eE-02 

9.05E-01 

1.10E-01 

1.01E+00 

1,24E-01 

1.1^E•^00 

1.47E  01 

1.22E-r00 

1  78E-0i 

1.28E  +  00 

1.93E-01 
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drS.OOS.###  from  drSOOS.OUT 
3:12:S7pm  on  9/1 8/92 

Description  ConfiguratiQn  90  deg  TE.  20  psig 

Comments  No  Problems 

Barometric  28,9470 

Re=4g6000 

Cmu=0.06e9 

Pt  Alp.  oorr.  Ct.  correct  Cd.  oorr.  WindCm 


1 

-7.44 

7.39E-01 

1.91E-01 

•0.141^ 

2 

-5.13 

9.12E-01 

2.10E-01 

-0.1041 

3 

-2.89 

1.05E+00 

2.36E-01 

-0.0623 

4 

-0.64 

1.22E«-00 

2.70E-01 

-0.0262 

5 

1.57 

1.34E+00 

3.07E-01 

0.0131 

6 

3.83 

1.46E+00 

3.42E-01 

0.0487 

7 

6.08 

1.S7E+00 

3.9CIE-01 

0.0747 

8 

8.28 

1.65E-^00 

4.3SE-01 

0.1012 

9 

10.48 

1.77E+00 

4.75E-01 

0.1327 

10 

12.69 

1.84E-^00 

5.16E-01 

0.1681 

11 

13.72 

1.83E+00 

5.05E-01 

0.1839 

dr3_009.««i  from  dr3009.0UT 
2:01;5Spm  on  9/21/92 

Description  Configuration  90  deg  'fE.  30  psig 

Comments  No  Problems 

Barometric  28.91 40 

R«=499000 

Cmu=0.112 

Pt  Alp.  oorr.  Cl.  oorredt  Cd.  oorr.  WindCm 


1 

-6  89 

1.13E+00 

3.59E-01 

-0.1613 

2 

-4.65 

1.26E+00 

3.a2E-01 

-0.1249 

3 

-2.39 

1.41E+00 

4.21  E-01 

-0.0845 

4 

■0.17 

1  .S5E+00 

4.54E-01 

-0.0485 

5 

2.06 

1.67E+00 

4.93E-01 

-00123 

6 

4.35 

1 .79E+00 

5.32E-01 

0.0202 

7 

666 

1.90E+00 

5.82E-01 

0.0525 

8 

882 

2.02E+00 

6.46E-01 

0.0711 

9 

11.06 

2.1SE+00 

6.9SE-01 

0.1066 

10 

13.29 

2.26E+00 

7.52E-01 

01363 

11 

15.48 

2.33E+00 

789E-01 

0.1644 

56 


cir3„0T0.###  frcm  drSOIO.OUT 
2:20:31  pm  on  9/21/32 

Description  Oonfiguiation  90  deg  1"E.  50  psig 

Oomments  No  Problems 

Barometric  28,9070 

Ro=497000 

Cmu=0.235 


Alp.  oorr. 

Cl.  oorrectiOd.  cx»rr. 

WindCm 

1 

-0.28 

1.5SE+00 

6.98E-01 

-0.213 

2 

-4.02 

1.73fc>00 

9.41  E-01 

•0.1748 

3 

-1.81 

1.86E>00 

g.88E-01 

-0.1383 

4 

0.48 

202E-*^OiO 

1I.OSE>00 

-0.1022 

5 

2.72 

2.12E+00 

1.10E+00 

-0.0633 

6 

4.99 

226E-^00 

1.17E+00 

-0.0345 

7 

7.31 

2.3aE^00 

1.24Ev00 

-0.0084 

3 

948 

2.44E+00 

1.:iOE+00 

0.0177 

D 

11.71 

2.58E-)-00 

1.<t8E<-U0 

0.0463 

10 

13.95 

2.69E+00 

1.iME>00 

0.0773 

11 

16.17 

2.79E+00 

1.i50E+00 

0.1053 

12 

18.42 

2.93E'^00 

1.fi9E+00 

0.1319 

13 

20.66 

3.00E+00 

1.(i4E^00 

0.159 

14 

22.77 

3.07E+00 

1.70E+00 

0.1826 

cir3_021.###  from  cir3021.OUT 
8;43;33am  on  9/23/92 

Desaiption  Configuration  45  dog  TE,.  No  Blowing 

Comments  No  Problems 

Barometric  29.4240 

Re=5C1000 

Cmu=0 


Alp.  corr. 

Cl,  correct  Cd.  oorr. 

V/indCm 

1 

-8  38 

-4.25E-02 

5.44E-02 

-0.0839 

2 

-6.13 

1.1SE-01 

5.25E-02 

■0.0334 

3 

-3.87 

2.96E-01 

4.78E-02 

0.0174 

4 

-1.64 

4.50E-01 

4.81  E-02 

0.0686 

5 

CI.56 

5.65E-01 

5.I5E-02 

0.1131 

G 

2.69 

6.62E-01 

5.72E-02 

0.1542 

7 

4.82 

/.53E-01 

7  46£^ 

0.1883 

8 

6.98 

8.28E-01 

8,94E-02 

0.2185 

9 

9.13 

9.38E-01 

1.08E-01 

0.2568 

10 

11.35 

1.0SE+00 

1.34E.01 

0.2953 

11 

13.55 

1.14E-^00 

1.57E-01 

0.329 

12 

15.66 

1.23E+00 

1.81E-01 

0.3585 

13 

17.79 

1,24E+00 

2.05E-O1 

0.3V14 
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d?3^019,###  from  cjf3019.OUT 
3;4S;37pm  on  9/22/92 

Deictlption  Oonfiguraton  45  deg  TE.  20  psig 

Comments  No  Problems 

Barometric  29.0300 

Re=4g6000 

Cmg=0.0726 

Pt  Alp,  oorr  D.  conecii  Cd.  oorr.  WindCm 

1  -7.66  5.83E-01  1.48E-01  -0.055 

2  -S.45  6.90E-C1  1.63E-01  -0.0064 

3  -3.23  8.20E-01  1.83E-01  0.045 

4  -0.99  9.71  E-0 1  2.04E-01  0.09SZ 

5  1.24  1.16E-^00  2.30E-01  0.1364 

6  3.45  1.26E>00  2.56E-01  0.1614 

7  5.65  1  3TE+00  2.94E4)1  0.2175 

8  7.79  1.4/IE+OO  3.21  E-01  0.2505 

9  10.01  1.56E+00  3  77E-01  02396 

10  12.21  1.64E>00  3.87E-01  0.3321 

cir3_C22.#f#  from  cir3022.OUT 
9:04;S6am  on  9/23/92 

Description  Oonfiguralion  45  deg  TE,  30  psig 
Comments  No  Problems 
Bansmefric  29.4230 
Rs-502001) 

Cmu=0.123 

R  Alp.  oorr.  d,  oorredi  Od.  oorr.  WindCm 

1  -7.71  5.43E-01  2.87E-01  -0056 

2  -5.43  6.96E-01  3.02E-01  -0.0088 

3  -3.2  a.64E-01  3.23E-01  0043 

4  -0  93  I.OIE^OO  3.38E-01  0.(»4 

5  1.21  1.t4E+00  3.68E-01  0.137 

6  3.43  1.26E>00  3.96E-C1  0.1827 

7  5.64  1.37E+00  4.28E-01  0.219 

8  7  8  1  48E+00  4  70E-01  02493 

9  10.01  1.61E-r00  5.09E-01  0.2S3S 

10  12.25  1.74E*00  5.47E.01  0.3363 

11  14.47  1.85E+00  5.89E-01  0.3755 

12  16.58  1.92E>00  B.29E-01  04084 
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calr3_023.«>#(r  from  clf»523.0UT 
g;22;42am  cn  9/23/92 

Description  Configurtttiofr  45  deg  TE,  50  psig 

Commenis  Ignore  Inst  point 

Bniometric  29.4240 

Re=S02000 

Cmu=0.255 

Pt  ASp.  corr.  Cl.  oorredOd,  oorr.  WindCm 


1 

-7.47 

7.09E-01 

7.25E-01 

-0.0625 

2 

-5.21 

8.75F:-C1 

7.47E-01 

-0.0162 

3 

-3.03 

9.77E-01 

7.67E-01 

0.0348 

4 

-075 

i.iaE^oo 

7,9SE-01 

0.0835 

5 

1.42 

1.27E+00 

8.23E-01 

0.1311 

6 

3.59 

1.41E^00 

8.55E-01 

0.1764 

7 

6.02 

1.68E*00 

9.22E-01 

0.2117 

8 

8.22 

1.78E-^00 

9.79E-01 

0.2421 

9 

104 

1.89E-t-U0 

1.02E+00 

0.2869 

10 

12.62 

2.03E>00 

1.07E*00 

0.3298 

11 

14.61 

2.08E>00 

1.11E+00 

0.3725 

12 

17.13 

2.31  E+00 

1.20E+00 

0.4101 

13 

19.27 

2.37E+00 

1.24E+00 

0.447 

14 

21.34 

2.40E+00 

1.26E+00 

0.4848 

15 

23.48 

2.48E^00 

1.29E>00 

0.S117 
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cir3_0“^6.#l#  from  c<)«)16.0UT 

12:38;17pm  on  gi/2?792 

Description  Similiar  to  Pelletier  birt  Re=5*E5 

Ooinmenti  No  Problems 

Barometric  29.01 20 

Re=497000 


R  Alp,  oorr. 

a.  correct  Od.  oorr.  WindCm 

Cmu 

1 

-8.37 

-1.43E-02 

6.03E-02 

-0.097 

0 

2 

-1.54 

511E-01 

7.17E-02 

0.0165 

0 

3 

5.1 

e.44E-01 

9.79E-02 

0.1192 

0 

4 

5.48 

1.14E+00 

1.65E-01 

0.1001 

00266 

5 

-1.21 

7.92E-01 

MOE-01 

0.0026 

0.0266 

6 

-8 

2.96E-01 

7.58E-02 

-0.1069 

0.0266 

7 

-7.59 

6.35E-01 

1.84E-01 

-0.1276 

0.0677 

8 

-0.82 

1.12E‘‘00 

2.39E-01 

-0.0208 

0.0677 

9 

5.87 

1.50E+00 

3.26E-01 

0.0756 

0.06T/ 

10 

6.25 

1.78E+00 

S.58E-01 

0.0527 

0.116 

11 

-0.46 

1.39E+00 

4.4SE-01 

0.0406 

0.116 

12 

-7.14 

9.53E-01 

3.71  E-01 

-01485 

0.116 

13 

-6.84 

1.19Ev00 

6.3GE-01 

-0.1689 

0.177 

14 

-0.14 

1.61E+00 

7.21  E-01 

-0.0617 

0.177 

15 

6.6 

2.C2f  ►OO 

8.65E-01 

0.0298 

0.177 

16 

683 

2.20E+00 

1.1SE+00 

0.0085 

0.236 

17 

0.04 

1.80E+00 

1.01E+00 

-0.0796 

0.238 

18 

-6.67 

1.36E+00 

9.12E-01 

-0.1856 

0.238 

19 

•6.48 

1.S2E+00 

1.21  E+00 

-0.2048 

0.304 

20 

0.21 

1.95E+00 

1.31  E+00 

-0.0999 

0.304 

21 

6.97 

2.33E+00 

1.48E+00 

-0.0097 

0.304 

cir3_024.###  from  cir3024.OUT 

10:01 :28am  on  g/23^ 

Description  45  deg  TE.  repeatability  chk  of  21 
Comments  No  Problems 

Barometric  29.4600 

Re=503000 

Cmu=0 

R  Alp,  corr.  Cl  correct  WindCd  WindCm 

1 

-3.37 

-2.73E-02 

5.23E-02 

-0.0949 

2 

-1.64 

4.58E-01 

4.04E-02 

0.0581 

3 

4.86 

7.C3E-01 

6.90E-02 

0.1893 

4 

11.38 

1.04E-00 

1.33E-01 

0.2958 
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dr3_026.i*i  from  dr3026.OUT 
n;21;36am  on  9^23/92 

D«sorlption  hysterosin  chock.  180  dog  HE.  Cmu=0 

Commonts  No  Probloms 

Boromotric  29.4520 

IRO--501000 

Cmu=0 


Alp.  corr. 

d.  oon’oct 

WindOd 

WindCm 

1 

13.79 

1.21E>00 

1.81  E-01 

0.2303 

2 

11.61 

1.13E-^00 

1.S9E-01 

0.2053 

3 

9.37 

1.01E+00 

1.32E-01 

0.1736 

4 

7.13 

g.OOE-01 

1.06E-01 

0.1431 

5 

5 

8.23E-01 

8.77E-02 

0.1208 

6 

2.85 

7.46E-01 

8.80E-02 

0.0939 

7 

0.63 

6.iaE-01 

7.29E-02 

0.0607 

8 

-1.57 

4.89E-01 

6.72E-02 

0.0245 

9 

•3.83 

3.12E-01 

5.92E-02 

-0.0125 

10 

-6.12 

1.07E-01 

6.1SE-02 

-0.0521 

11 

-8.38 

-S.e3E-02 

7.0SE-02 

-0.0895 

£1 


Reduced  Pressure 


Pressure  CoefTident  I 
160d*gt«*TE 
Cmu=<J 
Aiph«i=0.69 

X/C  Cp 


0 

0,827216 

0.02<4 

^.69998 

0,046 

•0.83966 

0.09£ 

■C.97S31 

oa^i 

0.306 

•0.8!i2S8 

C406 

-07S»526 

0.511 

-0.73349 

0.709 

-0.6963S 

0801 

-0.61^082 

0.94 

-0.17477 

0.969 

-0.178 

0.991 

•0.15902 

1 

•0.27731 

0.991 

-024057 

0.969 

-0.18688 

0.94 

-0.22927 

0.902 

-0.03711 

0.804 

0.0Ji7763 

0.701 

0.1  >8688 

0.604 

0.173568 

0.501 

0.1 73221 

0.403 

0.161514 

0.305 

0.140521 

0.203 

0.026678 

0.095 

-0.03872 

0.048 

0.274146 

0.017 

0.575307 

0 

0.827218 

Prfssxfft;  Coefficient 

180  degree  TB 

Cn,u“0.26 

AlphiiH).44 

X/C 

Cp 

0 

-0.07841 

0.024 

-2.01301 

0.C48 

-1,89633 

0.095 

-1.9015 

0.201 

1.52836 

0.50« 

-1.31323 

0406 

-1.47978 

0.511 

-1.48894 

0.709 

-1.86367 

0.801 

-2.27385 

0  969 

-8.00717 

0.991 

-11.2261 

1 

-8.41615 

0.991 

-1.62872 

0.969 

0.778982 

0.94 

0.772212 

0.902 

0.777788 

0.804 

0.74792 

0.701 

0.675841 

0.604 

0.591018 

0.501 

0.389912 

0.403 

0.566726 

0.305 

0.39469 

0.203 

0.489071 

0  095 

0.557965 

0.048 

0.757478 

0.017 

1,004779 

0 

-0.07841 

Pnkssura  Cottflident 
90  dagTE 
Cmu=0.235 
Atpha=0.40  d«gr«as 

X/C  Cp 

0  -0.0376 

0.024  -2.04308 
0.048  -1.91995 
0.095  -1.95665 
0.201  -1.58116 
0.306  -1.54976 
0.406  -1.48616 
0.511  -1.50043 

0.709  -1.82292 
0.801  -2.09323 

0.902  0.59393 

0.804  0.59026 

0.701  0.477327 
0.604  0.468358 
0.501  0.348901 
0.403  0.516059 
0.305  0  361948 
0.203  0.449196 
0.095  0.447157 
0.048  0.719502 
0.017  0.939253 
0  -0.0376 


Pmssuro  Ooeffidcnt 

45d«grMTE 

Cmu=0.255 


Alph«=-0.75 

X/C 

Cp 

0 

0.283104 

0.0223 

-1.24048 

00446 

-1.2634 

0.0083 

-1.41051 

0.1868 

-1.18985 

0.2845 

•1.20943 

0.3774 

-1.18985 

0.475 

-1.13063 

06591 

•1.32884 

0.7446 

-1.44872 

0.8385 

0.401075 

0.7474 

0  357134 

0.6516 

0.320358 

0.5615 

0.320836 

0.4657 

0.254925 

0  3746 

0.241075 

0.2835 

0.21194 

0.1887 

0.217672 

0.0883 

0.155582 

0.0446 

0.341851 

0.0158 

0.768358 

0 

0.283104 

VITA 
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and  pulsed  blowing.  The  test  Reynolds  number,  based  on  the  chord 
was  500,000.  The  angle  of  attack  was  varied  from  minus  6  degrees 
to  the  inception  of  stall.  The  maximum  lift  coefficient  measured 
was  3.17  with  an  equivalent  drag  coefficient  of  1.85.  Results  also 
show  a  limit  to  increasing  lift  by  increasing  the  blowing. 

Additionally,  a  90  degree  Coanda  surface  had  equal  lift  performance 
and  better  drag  performance  than  a  180  degree  Coanda  surface. 
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